The rainfall process of Chengdu region in autumn has obvious regional features. Especially, the night-time rain rate of this region in this season is very high in China. Studying the spatial distribution and temporal variation of regional atmospheric precipitable water vapor (PWV) is important for our understanding of water vapor related processes, such as rainfall, evaporation, convective activity, among others in this area. Since GPS detection technology has the unique characteristics, such as all-weather, high accuracy, high spatial and temporal resolution as well as low cost, tracking and monitoring techniques on water vapor has achieved rapid developments in recent years. With GPS-PWV data at 30-min interval gathered from six GPS observational stations in Chengdu region in two autumns (September 2007-December 2007 and September 2008-December 2008, it is revealed that negative correlations exist between seasonally averaged value of GPS-PWV as well as its variation amplitude and local terrain altitude. The variation of PWV in the upper atmosphere of this region results from the water vapor variation from surface to 850 hPa. With the help of Fast Fourier Transform (FFT), it is found that the autumn PWV in Chengdu region has a multi-scale feature, which includes a seasonal cycle, 22.5 days period (quasi-tri-weekly oscillation). The variation of the GPS-PWV is related to periodical change in the transmitting of the water vapor caused by zonal and meridional wind strengths' change and to the East Asian monsoon system. According to seasonal variation characteristics, we concluded that the middle October is the critical turning point in PWV content. On a shorter time scale, the relationship between autumn PWV and ground meteorological elements was obtained using the composite analysis approach.
Introduction
As the main greenhouse gas, water vapor in the atmosphere not only affects the global climate and weather but also plays a very important role in global heat and water cycles (Duan et al., 1996; Kiehl and Trenberth, 1997) . It is therefore necessary to obtain the distribution condition of water vapor in the atmosphere and to understand the effects of spatial-temporal variation of water vapor on meso-and micro-scale severe weathers' evolution and on global climate change. GPS meteorology (or GPS/MET) rapidly developed in the 1990s, GPS-PWV (GPS-precipitable water vapor) retrieved from GPS technology has had wide and important applications in the related meteorology fields. The variation of GPS-PWV stands for the water vapor budget in the air column above the area. It is useful for weather forecasters to understand water vapor evolution conditions so that they know more about the weather process in this region, such as rainfall, evaporation, convective activity, among others (Fontaine et al., 2003) .
Compared to the traditional detection means, GPS has more advantages in obtaining water vapor from the atmosphere, such as high accuracy, high capacity, high spatial and temporal resolution, all-weather, near-real time, and low cost, among others (Bevis et al., 1994; Ware et al., 2000) . Moreover, GPS-PWV has been certified to have the same accuracy for deriving water vapor data with microwave radiometer, the very long baseline interferometry (VLBI) and radiosondes (Rocken et al., 1993; Bevis et al., 1994; Emardson et al., 1998; Van Baelen et al., 2005) . Therefore, GPS technology has drawn meteorologists' attention in recent years. At present, it is mainly used for short-term and disastrous weather forecasting, and as an independent data source for data assimilation.
Located in the east of Qinghai-Tibet Plateau and the middle of the Sichuan Basin, Chengdu region belongs to the subtropical monsoon climate and is obviously affected by the topography. Especially in autumn, the convergence of humidity, convective activity and the diurnal cycle of rainfall in this area are very regional and have typical characteristics of the basin. Owing in part to the subtropical monsoon and the warm-humid climate, nighttime rainfall in this region is very high (Guo and Li, 2009; Li, 2011) . So it is necessary to study deeply the local climate within peculiar topographic situations and further to find the mechanism of rainfall in this region. In the past, many researchers have shown the precipitation distribution and its variation characteristics in this area (Feng and Guo, 1983; Xu and Lin, 1994; Bai and Dong, 2004 ), but only a few studies are on spatial distribution of PWV or on the factors influencing the occurrence time and intensity of autumn rainfall. Additionally, most of these studies are based on the radiosonde data (Zhai and Eskridge, 1997) . Because the radiosonde technology is non-uniform in terms of station allocation and is not so good in temporal resolution (only two soundings a day) and lack of continuity about the data, research on highly variable characteristics of water vapor and rainfall mechanism related to small scale is difficult. Though Shuanggen et al. (2008a) analyzed the GPS-PWV variation over China, but the source and formation mechanism of rainfall that have obvious regional features were not well discussed; in addition, the resolution of GPS-PWV they used was 2-h interval.
In recent years, the observational network of GPS/MET (including cooperative construction with Earthquake Administration, Surveying and Mapping Administration, Astronomical Observatory and Surveying and Investigation Institute) caught great attention from the meteorological departments throughout China. Regional groundbased GPS observational networks have been established in many places. In July 2007, the Chengdu Meteorological Bureau (hereinafter referred to as the CWB) and Chengdu Institute of Survey and Investigation (hereinafter referred to as CISI) set up six GPS observational network stations (Fig. 1) ; they are stations Chengdu (CDKC), Dujiangyan (DUJY), Jintang (JITA), Longquan (LOQU), Dayi (DAYI) and Pujiang (PUJI). The six stations are well distributed in the Chengdu plain. The longest baseline is 75 km from PUJI to LOQU, and the shortest baseline is 15.5 km from LOQU to CDKC. The 30-min interval GPS-PWV data gathered from the six GPS observational stations in this network in two autumns (SeptemberDecember 2007 and September-December 2008 ) is used in this study, which mainly discusses the distribution characteristics and variation tendency of autumn PWV and the relationship between autumn PWV and ground meteorological elements. The data and analytical method is presented in Sections 2 and 3 is results and discussion and the conclusions are shown in final section.
Data and analysis
When GPS satellite lunches the radio wave through the atmosphere, the wave will be affected by the ionosphere and troposphere, thus its signals are delayed. This delay defined as the difference of signal propagation path between practicality and vacuum, which is a main factor influencing the accuracy of measurement in geodetic. However, GPS meteorology just derives the meteorological information from the delay. The delay can be classified into ionospheric delay and tropospheric delay. The ionospheric delay can be removed by dual-band technology in groundbased GPS receivers. The total delay minus the delay caused by the ionosphere gives the troposphere delay, also named as the zenith total delay (ZTD), which is composed of zenith hydrostatic delay (ZHD) and zenith wet delay (ZWD). Thus, ZTD = ZHD + ZWD. Since the ZHD accounts for 90% of the ZTD, it can be obtained from an empirical model, such as the Saastamoinen model (Saastamoinen, 1972) : ZHD ¼ 10
. Here, P s is ground air pressure, R is ideal gas universal constant, M d is molar mass of dry air, and M d is gravity acceleration of vertical air column center. So we can estimate the ZHD from surface air pressure in this way. Then, we use the transformational relation formula ZWD ¼ P PWV (Davis et al., 1985) to find PWV, where, P is dimensionless water vapor conversion coefficient, P ¼ , and q w is liquid state water consistency. k
, and k 1 ; k 2 ; k 3 is experiment data. In this paper, we respectively use k 1 ¼ 77:6 k=hPa (Bevis et al., 1994) , k 2 ¼ 71:92 k=hPa (Boudouris, 1963) , k 3 ¼ 3:754 Â 10 5 k=hPa (Boudouris, 1963) ). T m is the mean temperature of troposphere atmosphere. Bevis's empirical equation T m ¼ 70:2 þ 0:72T s (Bevis et al., 1994) , where T s is surface air temperature. In order to greatly improve the precision of what GPS derived, we can also establish a T m correction scheme according to local radiosonde data of many years (Guo et al., 2008) . Fig. 2 is the process of deriving GPS PWV from GPS total delay (Wang and Li, 2011) .
The data used in this study is obtained by the means "cooperative construction and shared information" of different departments. Firstly, based on the GPS original data, the CISI estimates the total delay value of zenith every 30 min using the Bernese GPS software (Version 4.2), which uses double differences in phase. By FTP, the value is sent to the specified server of CWB. Combining relevant meteorological data of surface weather stations, CWB uses zenith hydrostatic delay model and weighted mean temperature model of troposphere to estimate the PWV at the six GPS stations in Chengdu region.
In order to test the accuracy of the data, station CDKC's GPS-PWV data in the autumns of 2007 and 2008 are selected as the example, and to compare the GPS-PWV with the Radiosonde-PWV (or RS-PWV) at the same time. The RS-PWV is derived from the formula:
where q is the specific humidity of each layer (where levels are the surface, 925, 850, 700, 500, 400, 300, and 200 hPa), p 0 is surface pressure, and p 1 is pressure of tropopause. Because the lower troposphere contains the major portion of the PWV, the PWV in the layer from surface to 200 hPa is considered the total amount of water vapor (Zhai and Eskridge, 1997) . The RS-PWV derived from radiosonde data comes from radiosonde station Wenjiang, which is nearby the GPS station. At present, the method below is usually used to check GPS-PWV's precision (Li et al., 2010) , namely, using formula (2) and (3), where the MAE stands for the mean absolute error between GPS-PWV and RS-PWV and the RMSE stands for the root mean square error.
The summation is from i = 1 to i = n, where i is the sequence number of samples and n is the total number of samples in the study. The results show that the MAE is 3.62 mm and the RMSE is 4.72 mm, which are in accord with the requirements of atmospheric research and business application (Li and Huang, 2004) . In order to see the variation characteristics of atmospheric water vapor in shorter time scales and to reveal the relationship between local climate characteristics and PWV, we choose stations CDKC and DAYI as examples, and study daily variation of relevant ground meteorological elements using composite analysis method . In the autumns of 2007 and 2008, there was no strong rainfall process at stations CDKC and DAYI. It was a stable weather condition, and the circulation of water vapor was mainly controlled by local meteorological factors. Therefore, in the process of composite analysis, PWV and the corresponding ground meteorological elements are processed to mean diurnal data from the 182 days.
Results and discussion

Spatial distribution of GPS-PWV
The Chengdu regional GPS observational network provides 30-min interval GPS-PWV data with an information volume of over 8700 times at each station. To ensure that the non-uniformly distributed stations reflected the spatial correlation among the stations properly, linear variogram model of Kriging was used (Dingman et al., 1988) to interpolate the GPS-PWV data from the six stations (Table 1) . Fig. 3(a) shows the spatial distribution of seasonally-averaged PWV. From this figure, it was found that the northwestern part of the Chengdu plain has the lower amounts of PWV, and the eastern part of the region has the higher amounts of PWV. In terms of the local terrain features, the Chengdu region is located in the east of the Qinghai-Tibet Plateau and in the middle of the Sichuan Basin. North of the Chengdu region are the Qinlin Mountains, and other mountains are present in the northwest as well. The altitude gradually drops across the Chengdu region from the northwest to the southeast. By comparing PWV and altitude, we found that the higher altitude GPS stations had the smaller PWV seasonal averages, and lower altitude GPS stations had much higher PWV values. Therefore, the two factors show a certain negative correlation. This relationship is shown in Fig. 3 (b) and these findings are similar to what was observed by Shuanggen et al. (2008a) during their research on the spatial distribution of GPS-PWV throughout various locations in China.
We also observed a negative correlation between the altitude of the terrain and the standard deviation (SD) of the PWV data (Fig. 3(c) and (d) . The value of SD can offer another perspective on the amplitude of variation of GPS-PWV of every station. In the relatively low altitude region of station JITA, the SD of PWV was 12.87 mm during the autumns. In contrast, SD of PWV in the autumns from the high altitude station DUJY was 9.45 mm.
In addition, the RS-PWV data of the 2 years was used to investigate the vertical distribution in this region; its features are all arc-like (Fig. 4(a) and (b) , namely, at the same altitude the proportion that PWV accounts for the total PWV is relatively lower in the middle of the year while higher at the beginning and the end of the year, with the general range being rather small. Specifically speaking, in summer the main content of PWV can be distributed at a high level of the atmosphere while in winter more PWV is distributed at a lower level. It was found that the proportion in autumn is between summer's and winter's. By analyzing the PWV variation in autumn around Chengdu (surface-850, surface-700, and surface-500 hPa), we can get that the increase of PWV percentage in autumn mainly results from the water vapor variation exists between surface to 850 hPa (the increase of percentage was about 0.065% day À1 in 2007 and 0.107% day À1 in 2008), and that the water vapor contents from the surface to 700 and surface to 500 hPa are relatively stable, namely, with little variation ( Fig. 5(a) and (b) ). In this season, with the PWV at the same altitude showing an increasing tendency as time passes, the proportion that contained the PWV in every level accounts for the total PWV keeps growing. Therefore, the water vapor around Chengdu was gradually gathered at the low levels of the atmosphere after autumn comes, which creates favorable conditions for persistent precipitation in autumn.
Temporal variation of GPS-PWV
The variation of PWV is related not only to topographic features but also to seasonal variation and local character- istics. By analyzing the time series of 30-min PWV in the two autumns from station CDKC (Fig. 6) , we have learned that the GPS-PWV has the maximum value at the end of September or at the beginning of October and that the minimum value is at the end of December. It is also seen that there are several peaks in the time series of the GPS-PWV. Generally speaking, the PWV in every autumn shows the tendency of "a decline in the overall trend with local rise". The FFT (Fast Fourier Transform) method is used to obtain the dominant periods of GPS-PWV in autumn. We find that the autumn PWV in the Chengdu region has a multi-scale feature, it has a seasonal cycle, plus a one quarter seasonal cycle, which is around 22.5 days or so (quasi-tri-weekly oscillation; Fig. 7 ). The rest of the stations also have this feature. From the example of the time series of GPS-PWV in the autumn of 2007, it is easily found the variation features. By analyzing the variation in Fig. 8 , the PWV value first went up and then went down, and repeated it; the maximum of the second cycle is almost the same as the first cycle. Therefore, the variation of the PWV in a longer period is about three weeks, with a turning in every seven days, although Cycles 3 and 4 are not very obvious because of the sharply declining PWV. The variation may be originated from periodical change in the transmitting of the water vapor caused by zonal and meridional wind strengths' change which has a particular periodicity Ouyang, 2007, 2011) . In Chengdu region, the PWV is very high in summer, lower PWV in winter. The water vapor sources of the Chengdu region is mainly from the South China Sea and the Bay of Bengal, so the meridional wind is an important carrier. If the zonal wind component is stronger, it will restrict the development of meridional wind component, thereby leading to a decrease of the PWV in this region. Zonal and meridional wind strengths' change results in the cyclical change of PWV.
On the other hand, in summer, the monsoon system influences the East-Asia region and the prevailing southerly wind will bring large amount of water vapor to the mainland China. In winter, the northerly wind brings in cold and dry air (Huang et al., 2008) . So the lower PWV in late autumn was influenced by the monsoon system. Combining the two points, we can conclude that the variation of the GPS-PWV is related to component wind strength's change and to the East Asian monsoon system. By analyzing Fig. 9 with the average value of PWV in every cycle, we also know that stations CDKC, DAYI and JITA have the same changing tendency. To analyze the autumn GPS-PWV by comparing to the summer GPS-PWV, the PWV has an obvious decrease since the beginning of autumn and it reaches the minimum value at the end of autumn. If autumn is divided according to the quarter seasonal cycle period of Stages A, B, C, and D, we can find that the PWV maintained a relatively high value during Stages A and B. Since middle October, the PWV had a sudden decline. And compared with the PWV in Stage B, the PWV value in Stage C is decreased by nearly 30%, which shows that Stage C is the transition of PWV in autumn. It is consistent with the climatological characteristics of the Chengdu region, that is, there is more rain in early autumn, and there is little rain in late autumn.
Diurnal cycle of GPS-PWV
Before examine the composite diurnal features, it should be seen the diurnal variation using the entire two autumn's records. The GPS-PWV at stations CHDU and DAYI show two peak periods daily, namely, from 3:00 to 6:00 in the morning and from 15:00 to 22:00 in the afternoon and evening, with the second peak at station DAYI being more obvious (Fig. 10) . The GPS-PWV also shows a wider variation range in September, and the characteristics of the two peak periods becomes more conspicuous during this month, with the maximum PWV appearing during the last 10 days of September at both stations. Shuanggen et al. (2008b) found that the diurnal and semidiurnal variations of ZTD were related to the atmospheric tidal force, but the correlation between PWV and tidal force needs to be further investigated.
From Fig. 11(a) , we can see that the composite diurnal cycle characteristics of PWV at stations CDKC and DAYI are obvious. The PWV at station CDKC mainly has a weak double peak structure and station DAYI presents more distinct double peak feature, which may be due to the local climate differences. The PWV at both stations reaches the maximum in the morning, at 5:00 a.m. and 4:00 a.m., respectively, which illustrates the water vapor is not well distributed. At station CDKC, the maximum value at 5:00 a.m. reaches 29.2 mm, and the minimum at 6:30 p.m. is 26.3 mm. Combined with the diurnal cycle composite figure of actual precipitation based on ground meteorological data (Fig. 11(d) ), we found that in the afternoon, the PWV for both stations showed a gradual upward Fig. 9 . PWV in every cycle period at three GPS stations (JITA, CDKC, and DAYI). The value of every cycle period was an average value of this period, which was processed by GPS-PWV (30-min interval) from the two autumns. trend of small magnitude. PWV amounts in the atmosphere were being accumulated, with typically low average precipitation levels. Between 00:00 and 05:00, there was a rapid increase in the amount of PWV, reaching a diurnal peak at about 05:00, but precipitation levels at this time did not exhibit any prominent changes. Over time, amounts of PWV decreased rapidly from the peak levels, in a sustained manner with a strong discharge. Conversely, precipitation levels increased continuously, reaching a daily maximum at about 08:00. There was a 3 h difference between the peaks of PWV and the peak of precipitation levels. From the above, it can be seen that a relatively long period of PWV accumulation, followed by a rapid increase before rainfall, are closely connected to the actual patterns of precipitation. Furthermore, a sustained increase in amounts of PWV before a sudden discharge indicates that there will be a significant change in precipitation levels. The time difference between the two events is an important point of reference, when making precipitation forecasts. Combined with the composite temperature ( Fig. 11(b) ), we can see that PWV has a negative correlation with temperature. Gaffen et al. (1992) showed that the relation between the variation of surface temperature and water vapor in the atmosphere also depends on the temperature range. The inherent relationship between temperature and PWV is complicated, and is difficult to demonstrate given the limited data for this study. The topic will, therefore, be further analyzed and researched in future studies. From the comparison of the variation characteristics and the variation of precipitable water in q (Fig 11(c) ), e and RH (not shown, since e and RH have similar variation trends as q), the variation of q, e and RH has some inconsistency with the variation of PWV; that is, the timing of the highest and lowest values of e, q, and RH is different with that of PWV. The reason may be that after rainfall the increase of the moisture near the ground frequently falls behind the increase of the total water vapor. After the rainfall, the water vapor in the clouds has transformed into raindrops and fallen to the ground, and the total water vapor therefore decreases. What is more, after the rainfall the ground is moist, and the decrease of vapor pressure near the ground is often behind the decrease of the total water vapor. Therefore, because of the inconsistency of the atmospheric humidity variation between the upper and lower atmosphere, the timing of variation is not consistent among q, e, RH and PWV. In general, a distinguishing feature of rainfall at stations CDKC and DAYI is that the rainfalls mainly happen in the night with the local sayings of "night rain in Bashan Mountain" and "Basin with more night rain." Such phenomena are caused by the unique local features combined with the wind in the basin. The temperature continues to go up from 8:00 a.m. to about 15:00 p.m., so the ground surface air mass is subject to sustained heating, thus comes about a strong convective motion, which causes the thermodynamic instability in the lower atmosphere. Additionally, the humidity near the ground surface always maintains a relatively high level in the morning and at night. At the same time, the PWV is rising and reaches its peak at night, because the temperature of troposphere is becoming lower and condensation appears easily at night. And the higher density and colder air at a higher location sinks along the edge of the basin to lift the warm and wet air at the lower location. All of these factors can cause the persistent rainfall at night. So, the thermodynamic and dynamic processes commonly affect the development of the rainfall process in this area. Kimura and Kuwagata (1995) reported that thermally induced local circulations play a vital role in the transport of heat and water vapor from plain to mountainous areas in a two-dimensional numerical model. Similar phenomenon was reported by Takagi and Kimura (2001) on the diurnal cycle in a deep valley over the Tibetan Plateau in 2000. They concluded that the daily maximum of PWV appears at mid-night, while the minimum shows up at 18:00 LST.
From Fig. 11 , we can also find a corresponding relationship between the accumulating and releasing of PWV in the atmosphere and the actual rainfall process: The PWV maintaining sustained high level is the necessary condition of rainfall. For weather forecasting, the peak of the PWV is generally prior to the arrival of maximum value of rainfall intensity; therefore, the longer the high level PWV is sustained, the higher rainfall rate will follow. So, the rapid increase of GPS-PWV and its maintenance at a high level or greater deviation relative to average value of GPS-PWV in this season all have a good indication to the upcoming raining process.
Conclusions
Using GPS-PWV data of 30-min interval in the two autumns of 2007 and 2008 from the Chengdu groundbased GPS observational network, we obtained the space-time evolution characteristics of the autumn PWV in the Chengdu region. The results are summarized as follows.
Relationship between PWV and local terrain features:
Distribution characteristics of PWV combined with local terrain features reveal the fact that the higher altitude, the smaller the average PWV, and vice versa. 2. Features of vertical distribution: In autumn, the PWV at the same altitude has an increasing tendency, the proportion that contains PWV accounts for the total PWV keeps growing and the variation of PWV in the upper atmosphere results mainly from the water vapor variation from surface to 850 hPa. 3. Relationship between PWV and season: The PWV in the Chengdu area not only has the seasonal variation feature, but also possesses the feature of 22.5 days or quasi-tri-weekly oscillation. The changes of PWV have a certain relationship with the strength of zonal and meridional wind as well as the East Asian monsoon sys-tem. In the middle and the end of October, the value of PWV showed sharp decline. This period is the transition time of the PWV in autumn. 4. Relationship between PWV and local climate change:
Through the analysis about the PWV variation features at stations CDKC and DAYI, it was found that the rainfall process mainly appears at the night or in the morning. The accumulating and releasing of PWV in the atmosphere have relatively good relationship with the actual rainfall process. In addition, the emergence time of the GPS-PWV peak is generally earlier than the emergence time of the maximum value of rainfall intensity, and the change of the PWV also has certain correlation with local e, q, RH, and T.
Through the research, we have further understanding of the variation feature of the autumn PWV in the Chengdu area. With the further increase of the GPS data, we will continue to deeply investigate the relationship between PWV and the periodical change of zonal and meridional wind strengths' change. Additionally, we plan to carry out chromatography assay of the ground-based GPS-PWV, and to calculate the slant PWV (SWV) to derive the vertical profile of atmosphere vapor. Not only can the vertical profile provide more detailed research data for studying the vapor variation mechanism but also offer 4D vapor variation information to forecasters; and consequently, we can realize the stereoscopic monitoring to the atmosphere water vapor in the Chengdu area and better serve the meteorological department and the society.
